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Abstract

Microbiota-derived metabolites that elicit DNA damage can contribute to intestinal tumorigenesis. 

However, the full spectrum of genotoxic chemicals produced by indigenous gut microbes 

remains to be defined. We established a pipeline to systematically evaluate the genotoxicity of 

a large collection of human gut commensals and identified isolates from divergent phylogenies 

whose small molecule metabolites caused DNA damage. Using comparative metabolomics and 

bioactivity-guided natural product-discovery techniques, we discovered a previously undescribed 

family of genotoxic metabolites—termed the indolimines—produced by the colorectal cancer 

(CRC)-associated species Morganella morganii. Finally, we found that M. morganii exacerbated 

CRC in gnotobiotic mice. These studies reveal the existence of a previously unexplored universe 

of genotoxic small molecules from the human microbiome and imply a broader role for 

microbiota-derived genotoxins in CRC.

One Sentence Summary:

Functional screening of human commensal bacteria identifies diverse genotoxic microbes that may 

contribute to intestinal tumorigenesis.

Colorectal cancer (CRC) is the third most common malignancy and the second leading 

cause of cancer death worldwide (1). Two-thirds of all CRC cases occur in individuals 
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without a family history of CRC or inherited CRC-predisposing genetic mutations (2). Thus, 

environmental risk factors that promote the acquisition and accumulation of somatic genetic 

and epigenetic aberrations are chief contributors to CRC development. The gut microbiota 

can regulate intestinal tumorigenesis through diverse mechanisms (3–5) such as short-chain 

fatty acid-producing clostridia species that induce regulatory T cells as well as temper 

inflammation-induced tumorigenesis (6) and Fusobacterium nucleatum strains that enhance 

tumor growth by inducing epithelial proliferation through FadA-mediated engagement of E-

cadherin and activation of Wnt/β-catenin signaling (7). Microbial products can also trigger 

DNA modifications in intestinal epithelial cells (8). For example, the 20 kDa Bacteroides 
fragilis toxin induces DNA damage through induction of reactive oxygen species (ROS) (9), 

while cytolethal distending toxin (CDT) from pathogenic Gram-negative bacteria has direct 

DNase activity (10).

Small molecule metabolites from the microbiome are also known to influence CRC risk by 

directly causing DNA damage. Select Escherichia coli strains produce the reactive small 

molecule genotoxin colibactin, which directly alkylates and crosslinks DNA, triggering 

double-stranded DNA breaks (DSBs) and facilitating intestinal tumorigenesis in mouse 

models (11–14). The colibactin biosynthetic machinery is encoded by a 54 kb hybrid 

polyketide synthase-nonribosomal peptide synthetase (PKS-NRPS) gene cluster referred to 

as the pks or clb locus (11), and the mature chemical structure of colibactin responsible 

for the pathway’s DNA interstrand crosslinking activity was recently determined (15, 16). 

Human CRC tumors also contain mutational signatures consistent with colibactin-induced 

DNA damage, implicating colibactin in human CRC development (17, 18).

The colibactin paradigm illustrates the importance of microbiota metabolite-induced DNA 

damage in human CRC. However, aside from colibactin, the role of microbiota-derived 

small molecule genotoxins in CRC initiation or progression remains mostly unexplored. 

Given the enormous complexity and diversity of metabolites produced by bacteria (19), we 

hypothesized that diverse taxa from the human gut microbiome may produce previously 

undiscovered or unappreciated small molecules that cause DNA damage in intestinal 

epithelial cells and contribute to the development of CRC. Here, we established a 

pipeline to evaluate the genotoxicity of small molecule metabolites derived from over 100 

phylogenetically diverse human gut microbes which were isolated from the microbiomes 

of inflammatory bowel disease (IBD) patients (20). We identified a diverse set of microbes 

that produced genotoxic small molecule metabolites, including the Gram-positive bacteria 

Clostridium perfringens and Clostridium ramosum, and the CRC-associated Gram-negative 

species Morganella morganii. However, none of these isolates produced known genotoxins, 

such as colibactin, or encoded known genotoxin-producing biosynthetic gene clusters. 

We combined untargeted metabolomics and bioactivity-guided natural product discovery 

techniques, to isolate, characterize, and synthesize a family of previously undescribed 

genotoxic metabolites—termed the indolimines—from M. morganii under in vitro and in 
vivo culture conditions. Finally, genotoxic M. morganii exacerbated intestinal tumorigenesis 

in a gnotobiotic mouse model of CRC. These studies thus uncover an expanded universe 

of genotoxic gut microbes and metabolites that may critically influence CRC initiation and 

progression.
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Establishing a pipeline to identify genotoxic bacteria from the human gut 

microbiota

We established a pipeline to screen diverse human gut microbes based on their ability to 

directly damage DNA. We then applied this pipeline to a gut microbiota culture collection 

assembled by anaerobic culturomics of stool samples from 11 IBD patients (20), as IBD 

patients are considered to be at a significantly increased risk of developing CRC (21). This 

collection consists of 122 unique bacterial isolates that span 5 phyla, 9 classes, 10 orders, 

and 18 families, as well as multiple strains that were assigned to the same species (Fig. 1A).

To probe for genotoxicity, we evaluated the activity of each isolate in a plasmid DNA 

damage assay. As microbiome metabolites such as colibactin can be recalcitrant to isolation 

(15), we focused our primary studies on co-incubation of individual bacterial isolates with 

linearized pUC19 plasmid DNA (Fig. 1A). This assay is based on the principle that the 

extent and modes of DNA damage can be assessed by electrophoresis under native and 

denaturing conditions (22, 23): The intact linearized pUC19 DNA forms a clear band at 

~2.7 kb under native conditions, while denaturation with increasing concentrations of NaOH 

reveals a ~1.3 kb band of single-stranded DNA. The formation of DNA interstrand cross-

links (ICLs) prevents unwinding under denaturing conditions, thereby resulting in slower 

migration of duplexed DNA. Alkylation at many of the sites in DNA bases is known to 

decrease the stability of the glycoside bonds, resulting in deglycosylation and fragmentation, 

which is detectable as smaller fragments of higher mobility following electrophoresis (24). 

Extensive DNA damage, for example, by DNase-mediated degradation, results in a loss of 

DNA even under native conditions. Finally, DNA damage caused by restriction enzyme-like 

molecules produces multiple bands under native conditions and even smaller fragments 

under denaturing conditions.

We confirmed that plasmid DNA was stable under diverse anaerobic cultivation conditions 

including incubation in Gifu medium, which supports the growth of all isolates in our 

collections (Fig. S1). To minimize the damage caused by bacterial DNases that are often 

produced in the stationary phase of bacterial growth, we measured growth curves for all 

122 isolates in our collection and established a TE (time point of exponential phase) and TS 

(time point of stationary phase) for each isolate (Table S1). The isolates were then clustered 

into 7 groups that exhibited similar growth dynamics (Fig. S2). We selected two culture 

conditions for the initial screening: anaerobic co-incubation with DNA to TS; or anaerobic 

co-incubation with DNA to TE which was followed by aerobic co-incubation to TS to 

approximate the oxygen stress encountered in an inflammatory gut environment. Finally, we 

purified the linearized pUC19 DNA from the bacterial cultures via column purification and 

performed gel electrophoresis under native and gradient denaturing conditions (0 %, 0.2 %, 

0.4 % and 1 % NaOH) (Fig. 1A, Fig. S3A–G).

We used the relative intensity reduction (RIR, %) of DNA after co-incubation with 

bacteria as a general measure of bacterially-induced DNA damage (Fig. 1B, Table S2). 

We found that diverse gut microbes exhibited DNA damaging activities, which suggests 

that microbiota-mediated genotoxicity may be more widespread than previously appreciated. 

While previously described microbiota-derived genotoxins discovered in a case-by-case 
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manner are primarily produced by Gram-negative bacteria (e.g., E. coli, B. fragilis and 
K. oxytoca) (25, 26), we observed that multiple Gram-positive microbes from the phyla 

Actinobacteria and Firmicutes also caused significant DNA damage. DNA damaging activity 

was largely independent of culture conditions, although a few microbes displayed slightly 

varied genotoxicity in the presence or absence of oxygen stress (Fig. 1B, Table S2).

Small molecule metabolites produced by human gut microbes induced 

DNA damage

From our primary screening, we selected 24 bacterial isolates that exhibited strong DNA 

damaging activity and 18 phylogenetically-related non-genotoxic isolates for evaluation in 

a secondary screening (Fig. 2A). We re-established precise growth curves for each isolate 

(Table S1) and re-screened all 42 isolates under four distinct culture conditions, including 

co-incubation of DNA with bacterial supernatants collected from anaerobic cultures at 

TS (Fig. S3H–J, Table S2). The vast majority of isolates that caused DNA damage in 

our primary screening also exhibited genotoxicity upon secondary screening (Fig. 2B). 

Moreover, for 18 of these isolates, the level of DNA damage induced by clarified bacterial 

supernatants was comparable to that derived by direct incubation with live bacterial cultures 

(Fig. 2B).

To determine whether the putative genotoxic bacterial isolates we identified via 

electrophoresis-based screening (Fig. S4A) produce genotoxic small molecules that cause 

DNA damage in human cells, we separated their supernatants (SUP) into small- (<3 kDa 

SUP) and large- (>3 kDa SUP) molecular weight fractions and evaluated the relative 

genotoxicity of these fractions in HeLa cells. We found that small molecules from 12 

isolates enhanced the expression of γ-H2AX, a marker of DNA double-strand breaks 

(DSBs) (27), in HeLa cells (Fig. 2C, Fig. S4B–F): two of three genotoxic isolates of 

Bifidobacterium adolescentis and one isolate of Streptococcus mitis induced DSBs through 

both small and large molecule metabolites; one isolate of Bifidobacterium breve, four 

isolates of Clostridium perfringens, one isolate of Clostridium ramosum and two isolates 

of Morganella morganii induced DSBs through small molecule metabolites only; and the 

remaining six isolates exhibited no detectable DNA damaging activity in this assay. The 

DSBs induced by these small molecule metabolites were not due to alterations in cell 

viability (Fig. S4B), as only C. perfringens supernatants and large molecules induced 

significant cell death (Fig. S4C–F) which is likely due to the production of general 

cytotoxins that do not directly induce DNA damage (28).

Recent meta-analyses have identified cross-cohort microbial signatures associated with 

CRC. As Clostridiaceae, Erysipelotrichaceae, and M. morganii are prevalent members of 

the CRC-associated microbiome (29, 30), we focused our subsequent studies on isolates 

from each of these taxonomic groups that exhibited genotoxicity in our initial screens: C. 
perfringens, C. ramosum, and M. morganii. Consistent with their ability to induce γ-H2AX 

(Fig. 2C–D), we found that small molecule metabolites from C. perfringens, C. ramosum, 

and M. morganii also induced cell cycle arrest in HeLa cells (Fig. 2E), further implicating 

these taxa as potential genotoxin producers. Next, to enrich for genotoxic small molecules, 
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we performed ethyl-acetate extractions using supernatants from one representative genotoxic 

isolate from each species, as well as control colibactin-producing E. coli strains (K-12 

BW25113 with clb locus, designated as clb+ E. coli) and non-colibactin-producing E. coli 
strains (K-12 BW25113 with empty bacterial artificial chromosome, designated as clb− E. 
coli). We found that ethyl-acetate extracts from C. perfringens, C. ramosum, M. morganii, 
and clb+ E. coli cultures nicked circular pUC19 plasmid DNA, while extracts from clb− E. 
coli or Gifu medium alone had negligible impacts on DNA integrity (Fig. 2F). Similarly, 

ethyl-acetate extracts from genotoxic species induced γ-H2AX expression (Fig. 2G–H) and 

tailing in an alkaline comet unwinding assay that measures DNA DSBs at the single-cell 

level (Fig. 2I) in HeLa cells. Taken together, these data reveal that diverse taxa from the 

human gut microbiota produce small molecule genotoxins.

M. morganii produces a previously uncharacterized genotoxin that is 

distinct from colibactin

The biosynthetic machinery involved in the production of microbial metabolites, including 

previously characterized small molecule genotoxins, is often encoded by biosynthetic gene 

clusters (BGCs) (31). For example, colibactin production is encoded by a multimodular 

PKS-NRPS pathway in E. coli, and tilimycin and tilivalline are encoded by an NRPS 

pathway in Klebsiella oxytoca (26, 32). However, BGC analyses of genotoxic C. 
perfringens, C. ramosum and M. morganii using antiSMASH (33) failed to detect any known 

genotoxin-encoding BGCs (Fig. S5A, Table S3). While M. morganii harbors one NRPS/PKS 

gene cluster, this BGC is entirely distinct from the clb genomic island. In fact, M. morganii 
lacks key genes involved in colibactin synthesis, such as clbI and clbP (Fig. S5B) (34, 35). 

This is consistent with recent analyses of 69 publicly available Morganella genomes, which 

suggests that clb genes are absent in Morganella spp. (36). The genotoxicity caused by M. 
morganii is also distinct from that caused by colibactin—while clb+ E. coli caused DNA 

crosslinking, DNA exposed to M. morganii-derived metabolites displayed a smearing pattern 

under both native and denaturing conditions (Fig. S5C). Finally, as previously reported, 

colibactin-induced γ-H2AX may require cell-to-cell contact between bacterial and host 

cells as both separation via a filter abrogates activity and supernatants from clb+ E. coli 
failed to induce dramatic increases in γ-H2AX in cell lines, likely due to documented 

colibactin instability (11, 37, 38). By contrast, M. morganii supernatants and small molecule 

metabolites elicited significant increases in γ-H2AX (Fig. S5D–G). Together, these data 

suggest that M. morganii produces a previously uncharacterized genotoxin(s) that is distinct 

from colibactin and is readily diffusible.

Isolation and identification of a previously undescribed genotoxic 

metabolite derived from M. morganii

To identify specific genotoxin(s) produced by M. morganii, we employed a combination 

of ultra-performance liquid chromatography quadrupole time-of-flight mass spectrometry 

(UPLC-QTOF-MS)-based untargeted metabolomics and bioactivity-guided fractionation 

using small-scale cultures, followed by large-scale cultivation and isolation for unambiguous 

structure elucidation and genotoxicity analyses (Fig. 3A). We generated an initial 
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candidate ion list of the most abundant M. morganii-derived metabolites relative to Gifu 

medium control (~100 ion features, Table S4) via comparative metabolomics. We then 

performed two rounds of activity-guided fractionation using preparative high-performance 

liquid chromatography (HPLC) and circular pUC19 plasmid-based genotoxicity assays, 

then profiled the resulting fractions and subfractions using UPLC-QTOF-MS-based 

metabolomics (Fig. S6A–B). To identify potential genotoxins, we excluded ions present 

in inactive fractions from the aforementioned initial ion list and ultimately identified 4 

ion features (I–IV) as potential genotoxic hits (Fig. 3B, Table S4). To enable structural 

elucidation and genotoxic activity assessment for these compounds, we performed a large-

scale cultivation (18 liters) and ethyl acetate extraction of M. morganii supernatant based 

on previously observed retention times that imply relatively low polarity of the compounds 

of interest. This crude extract was subjected to two rounds of HPLC to generate four 

semi-pure fractions enriched in the four target ion features (F1-F4 enriched in I–IV, 

respectively). One of these fractions (F2) exhibited dose-dependent genotoxicity in circular 

pUC19 plasmid-based genotoxicity assays (Fig. 3C). Based on UPLC-QTOF-MS analyses, 

F2 was primarily comprised of two previously undescribed metabolites with m/z values 

of 215.1543 (indolimine-214, compound 1, target ion feature II) and 234.1852 (compound 

2, a M. morganii-derived metabolite that was absent from the initial ion list, but was 

enriched during extraction and fractionation) at a ratio of 4:6. This fraction was recalcitrant 

to further purification by preparative HPLC using diverse combinations of stationary and 

mobile phases. Thus, the chemical structures of the two components were characterized as 

a mixture using one- and two-dimensional nuclear magnetic resonance (NMR) spectroscopy 

analyses (Fig. 3D, Fig. S7). To confirm which compound exerted the observed genotoxicity, 

we synthesized both indolimine-214 (1) and the phenethylamine-derived compound 2.

Synthetic indolimine-214 (1) was unstable due to the reversible nature of its imine 

bridge. Therefore, we fractionated fresh synthetic material and assessed the purity of 

each fraction using 1H NMR to secure pure compounds for genotoxicity analysis (Fig. 

S6C). Nonetheless, neither synthetic indolimine-214 (1) nor the phenethylamine-derived 

metabolite 2 induced DNA damage in a circular pUC19 plasmid-based genotoxicity assay 

even at high concentrations (1 mg/ml). However, the mixture of indolimine-214 (1) and 

compound 2 elicited dose-dependent DNA damage at the experimentally observed isolation 

ratio of 4:6 (F2, Fig. S6D), suggesting that compound 2 may facilitate indolimine-214-

induced DNA damage in cell-free assays. We next assessed potential genotoxicity of the 

synthetic compounds individually in HeLa cells and found that indolimine-214 (1) alone, 

but not compound 2, triggered increased γ-H2AX in a dose-dependent manner (Fig. 3E) 

and induced tailing in an alkaline comet unwinding assay (Fig. 3F). Furthermore, the 

genotoxicity of synthetic indolimine-214 (1) correlated directly with its purity (i.e., in 

relation to its hydrolytic degradation products, Fig. S6E). Thus, we defined metabolite 

indolimine-214 (1) as a previously undescribed genotoxic small molecule metabolite 

produced by M. morganii.
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M. morganii produces multiple genotoxic indolimines in vivo and 

exacerbates CRC in gnotobiotic mice

M. morganii is enriched in fecal samples from IBD- and CRC-patients (29) and in CRC 

tumors (39). As such, we chose to examine the potential impact of M. morganii on CRC in 
vivo as compared to a phylogenetically-related non-genotoxic control. The Enterobacterales 

strain E. coli NC101 exhibits genotoxicity in vitro (40) and exacerbates CRC in AOM/

Il10−/− gnotobiotic mice via the production of colibactin (12). However, an isogenic ΔclbP 
E. coli mutant (NC101 mut) with a disrupted clbP gene failed to induce γ-H2AX in HeLa 

cells (Fig. S5E–F) or CRC in AOM/Il10−/− gnotobiotic mice (12). UPLC-QTOF-MS-based 

quantification of indolimine-214 (1) with reference to its synthetic standard confirmed 

that M. morganii produces high levels of this metabolite in vitro (~40 μg/ml, Fig. 4A), 

which are comparable to the concentrations of synthetic compound sufficient to induce 

genotoxicity in HeLa cells (Fig. 3E–F). By contrast, indolimine-214 (1) was undetectable 

in supernatants from colibactin-producing E. coli strains, clb+ E. coli and NC101 wt, and 

isogenic non-genotoxic controls, clb− E. coli and NC101 mut (Fig. 4A). Correspondingly, 

M. morganii supernatants and small molecule metabolites induced γ-H2AX in HeLa cells, 

while clb− E. coli strains failed to induce detectable increases in γ-H2AX (Fig. 4B, Fig. 

S5G).

To assess genotoxic indolimine production in vivo, we colonized germ-free mice with 

either M. morganii or NC101 mut. Cecal contents from mice colonized with M. morganii 
contained high levels of genotoxic indolimine-214 (1), but this compound was undetectable 

in mice colonized with NC101 mut (Fig. 4C). Moreover, in the process of quantifying cecal 

indolimine-214 (1), we observed the production of two additional previously undescribed 

indolimines. As indolimine-214 (1) consists of a conjugation of indole-3-carboxaldehyde 

and the leucine-derived metabolite 3-methylbutan-1-amine, we speculated that M. morganii 
may also produce related indole conjugates. Indeed, we found that cecal contents from 

mice colonized with M. morganii, but not mice colonized with E. coli, contained two 

additional indolimines: conjugates of indole-3-carboxaldehyde with 2-methyl-propan-1-

amine (indolimine-200, compound 3, m/z 201.1386) or phenylethylamine (indolimine-248, 

4, m/z 249.1386) (Fig. 4D–E, Fig. S8). These additional indolimines were also detected in 

in vitro M. morganii bacterial cultures, but not E. coli cultures, at slightly lower abundance 

(~20 μg/ml) than indolimine-214 (1), as confirmed by synthetic standards (Fig. 4F). Finally, 

synthetic indolimine-200 (3) and indolimine-248 (4) also triggered increased γ-H2AX 

in a dose-dependent manner (Fig. 4G) Thus, M. morganii produced multiple genotoxic 

indolimines both in vitro and in vivo.

Finally, to elucidate the potential effects of M. morganii on CRC, we measured the 

induction of colorectal tumors in gnotobiotic mice colonized with genotoxin-producing M. 
morganii or non-genotoxin-producing E. coli (NC101 mut) after repeated administration 

of azoxymethane (AOM) and dextran sulfate sodium (DSS) (Fig. 4H). We observed 

that M. morganii colonized mice developed more adenomatous polyps and invasive 

adenocarcinomas (Fig. 4I), and exhibited increased tumor numbers and overall tumor burden 

as compared to mice colonized with the NC101 mut (Fig. 4J). However, both groups of mice 
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displayed similar levels of overt intestinal inflammation, as measured by fecal lipocalin 2, 

suggesting that M. morganii-induced exacerbation of CRC is independent of inflammation 

(Fig. 4K). Overall, these data suggest that M. morganii-derived genotoxins can exacerbate 

CRC.

Discussion

Aside from a small number of case studies (26, 41), the taxonomic distribution and 

repertoire of small molecule genotoxins produced by the microbiota remain mostly 

unexplored. Here, we undertook a systematic evaluation of the carcinogenic potential of 

a diverse selection of human gut microbes based on the reasoning that somatic mutations 

resulting from DNA damage are critical mediators of tumor initiation and progression 

(42). We found that diverse taxa from the human gut microbiota exhibited genotoxicity, 

identified and characterized a previously undiscovered family of genotoxic M. morganii-
derived small molecules termed the indolimines, and determined that colonization with 

genotoxin-producing M. morganii exacerbated CRC in gnotobiotic mice.

By revealing the existence of a previously uncharted universe of microbiota-derived 

genotoxins and defining the indolimines as a novel family of bioactive microbiota-derived 

small molecules, these studies imply an expanded role for genotoxic metabolites in CRC. 

More broadly, novel genotoxins, including the indolimines, may also impact diverse 

aspects of host biology beyond tumor initiation in the gut. Indeed, in addition to their 

direct DNA damaging activities, microbiota-derived genotoxins can potentially initiate or 

exacerbate inflammatory processes (32, 43, 44), thus contributing to a vicious cycle of 

inflammation and DNA damage in IBD patients that culminates in tumorigenesis (45). 

Bacterial production of genotoxins can also enhance competitive fitness for species that 

thrive in inflammatory microenvironments and thereby shape microbiota composition (46, 

47), which may select for the evolution or maintenance of DNA-damaging compounds 

by individual commensal species. Notably, somatic mutations can be detected in colonic 

epithelial cells even in early life, which suggests persistent mutagenesis throughout the 

lifespan of an individual (48). Furthermore, while CRC patients display increased carriage 

of clb+ E. coli, clb+ taxa (including E. coli relatives, such as Klebsiella species) are also 

found in healthy individuals (49). Altogether, these observations support a model whereby 

genotoxic gut microbes contribute to CRC development by persistently inducing DNA 

damage in host epithelial cells, which synergizes with chronic inflammation in the gut 

microenvironment, along with additional environmental factors, and eventually facilitates 

the initiation and progression of CRC.

Finally, these studies underscore the power of function-based assessments of the microbiome 

to provide new insights into the diverse impacts of indigenous microbes on host biology 

and disease susceptibility. Recent illumination of the ‘tumor microbiome’ beyond the gut 

highlights an additional potential role for microbial genotoxins in tumor initiation and 

progression (50). Furthermore, the broad distribution of genotoxicity across diverse gut 

species suggests that resident microbes from other mucosal tissues may also produce 

previously undiscovered genotoxins. Thus, in addition to revealing an expanded diversity 

and significance of microbiota-derived genotoxins in CRC, these studies provide a roadmap 
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for future identification and characterization of novel microbiota-derived genotoxins across 

diverse tissues and disease states.
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Figure 1. Establishing a pipeline to identify genotoxic bacteria from the human gut microbiota.
(A) Overview of functional screening of gut microbes for direct genotoxicity. 122 

phylogenetically diverse bacterial isolates from 11 IBD patients (shaded based on phylum: 

Red, Actinobacteria; Blue, Bacteroidetes; Orange, Proteobacteria; Gray, Fusobacteria) 

were evaluated for genotoxicity via co-incubation with plasmid DNA followed by gel 

electrophoresis. Bacterial growth curves for all isolates were determined via OD600 

and individual isolates were co-cultured with linearized plasmid DNA under anaerobic 

conditions to stationary phase (TS, light dashed line), or co-cultured under anaerobic 
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conditions to exponential phase (TE, bold dashed line), and then under aerobic conditions to 

stationary phase. After co-incubation, DNA damage was assessed via gel electrophoresis of 

purified plasmid DNA under native (top) or denaturing (bottom) conditions.

(B) Diverse human gut bacteria exhibit direct DNA damaging activities. Bacterial 

genotoxicity was determined by calculating the relative intensity reduction (RIR, %) of 

linearized pUC19 DNA bands after co-incubation with 122 diverse human gut bacteria (as 

outlined in A) as compared to medium only controls. pUC19 DNA was then purified via 

column purification and treated with or without gradient NaOH (0 %, 0.2 %, 0.4 %, 1 %) 

before evaluating DNA integrity via gel electrophoresis. Heatmap columns represent 122 

phylogenetically diverse isolates and rows represent native or denaturing conditions (0 %, 

0.2 %, 0.4 %, or 1 % NaOH).
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Figure 2. Small molecule metabolites produced by human gut microbes induced DNA damage.
(A) Sequential screening of diverse human gut microbes for genotoxicity using orthogonal 

methodologies identifies human gut bacteria that produce small molecule genotoxins.

(B) Relative intensity reduction (RIR, %) of linearized pUC19 DNA bands in a secondary 

screening of 42 putative genotoxic and non-genotoxic isolates selected based on primary 

screening results (Fig. 1). Linearized pUC19 DNA was co-incubated with select isolates 

anaerobically to TS or TE, anaerobically to TE and then aerobically to TS, or with bacterial 

supernatants from isolates cultured anaerobically to TS for 4 h. pUC19 DNA was isolated 
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via column purification after co-incubation and treated with or without NaOH (0 %, 0.2 

%, 0.4 %, 1 %) before evaluating DNA integrity via gel electrophoresis. Columns represent 

42 isolates and rows represent native or denaturing conditions. Relative intensity reduction 

(RIR, %) was calculated based on normalization to control samples incubated in Gifu 

medium alone.

(C) MFI (geometric mean fluorescence intensity) of γ-H2AX staining of HeLa cells treated 

with 40 % (v/v) PBS (Ctrl) or <3 kDa SUP (small-molecule bacterial supernatants) for 5-6 

h.

(D) Representative histograms of γ-H2AX staining of HeLa cells treated with <3 kDa SUP 

from C. perfringens, C. ramosum or M. morganii isolates.

(E) HeLa cells were treated with 40 % (v/v) PBS or <3 kDa SUP from medium, C. 
perfringens, C. ramosum or M. morganii isolates for 24 h. Cell cycle arrest was evaluated by 

propidium iodide (PI) staining based on flow cytometry.

(F-I) Assessment of DNA damage induced by ethyl-acetate extracts of C. perfringens, C. 
ramosum or M. morganii supernatants. Evaluation of nicking of circular pUC19 DNA (top 

band = nicked DNA) after co-incubation for 5-6 h. Ctrl, control pUC19 DNA in TE buffer. 

(F); γ-H2AX staining (G and H) and genomic DNA comets (I) in HeLa cells after treatment 

with 5 mg/ml extracts or without (Ctrl) for 5-6 h. n = 49 for comet assay analysis, n.s., not 

significant; * p<0.05; ** p<0.01; *** p<0.001; **** p<0.0001, one-way ANOVA.
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Figure 3. Isolation and identification of a previously undescribed genotoxic metabolite derived 
from M. morganii.
(A) Overview of isolation and identification of genotoxins derived from M. morganii.
(B) Proposed 4 candidate ion features initially detected from M. morganii cultures. Rt, 

retention time.

(C) Evaluation of nicking of circular pUC19 DNA (top band = nicked DNA) after co-

incubation overnight with F1–F4 fractions enriched with ion features I–IV, respectively. Ctrl, 

control pUC19 DNA in TE buffer.
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(D) Chemical structures of compounds indolimine-214 (1) and 2.

(E) MFI of γ-H2AX staining for HeLa cells treated with synthetic compounds at indicated 

concentrations for 5 h. n.s., not significant; * p<0.05; ** p<0.01; *** p<0.001, two-way 

ANOVA.

(F) Genomic DNA comets in HeLa cells after treatment with 100 μg/ml synthetic 

compounds for 5-6 h. n = 25 for comet assay analysis, n.s., not significant; * p<0.05; ** 

p<0.01; *** p<0.001; **** p<0.0001, one-way ANOVA.
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Figure 4. M. morganii produces multiple genotoxic indolimines in vivo and exacerbates CRC in 
gnotobiotic mice.
(A) UPLC-QTOF-MS quantification of indolimine-214 (1) in medium or bacterial 

supernatants of M. morganii, clb+ E. coli, clb− E. coli, NC101 wt E. coli or NC101 mut E. 
coli. **** p<0.0001, one-way ANOVA.

(B) MFI of γ-H2AX in HeLa cells treated with 40 % (v/v) SUP or <3 kDa SUP from 

medium, M. morganii, or NC101 mut E. coli for 5-6 h. ** p<0.01; *** p<0.001, one-way 

ANOVA.
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(C) QTOF-MS quantification of indolimine-214 (1) in cecal contents of gnotobiotic mice 

colonized by M. morganii, or NC101 mut E. coli. **** p<0.0001, Student’s t-test.

(D) Chemical structures of compounds indolimine-200 (3) and indolimine-248 (4).

(E) QTOF-MS quantification of indolimine-200 (3) and indolimine-248 (4) in cecal contents 

of gnotobiotic mice colonized by M. morganii, or NC101 mut E. coli. **** p<0.0001, 

Student’s t-test.

(F) UPLC-QTOF-MS quantification of indolimine-200 (3) and indolimine-248 (4) in 

bacterial supernatants of M. morganii or NC101 mut E. coli. **** p<0.0001, Student’s 

t-test.

(G) MFI of γ-H2AX staining for HeLa cells treated with synthetic compounds at indicated 

concentrations for 5 h. n.s., not significant; * p<0.05; ** p<0.01; **** p<0.0001, two-way 

ANOVA.

(H) Schematic of experimental design for CRC induction in age-matched gnotobiotic mice 

colonized with M. morganii or NC101 mut E. coli.
(I-K) Representative colon tissue and histology images (I), tumor number and tumor score 

(J), and fecal lipocalin 2 levels (K; Day 78) in gnotobiotic mice colonized with M. morganii 
or NC101 mut E. coli. Each dot represents one mouse (n = 4-6 per group), n.s., not 

significant; ** p<0.01, Student’s t-test.
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